Karst waterlogging is a natural disaster that occurs frequently and it adversely affects the social and economic development of affected areas. An analysis of the causes of karst waterlogging with respect to climate and topography can serve as a foundation for disaster assessment and prevention.
INTRODUCTION
waterlogging. When mud, soil, and trash are carried by the flow and deposited in sinkhole in-takes or conduits, which reduces cross-sectional flow and the discharge capacity of conduits, the potential for waterlogging is increased (Long et al. ) . In addition, it should be noted that groundwater flow can be reversed from its normal flow direction and spill over the sinkhole while the water levels increase at the discharge points (Zhou ) . Due to the interconnections of underground structures, the upstream rainfall water travels downstream through underground conduits. At this point, waterlogging may occur as the water pours out of the sinkhole.
A significant effort has been made to reduce the damage caused by karst waterlogging disasters, but these efforts have not completely addressed the issue, resulting in continued losses to life and property. This can be attributed to disasters' broad influence which last for a long time (Macdonald et al. ) . As the karst areas are distributed in remote mountainous areas where the economy is underdeveloped with limited resources available to mitigate natural disasters, it is prudent for disaster management personnel to take into account the potential impact on people and property when considering the application of risk assessment methods (Zheng & Qi ) . Analyzing the spatial distribution characteristics of karst waterlogging risk and evaluating the degree of risk are important for disaster warning, disaster evacuation, risk management, and decision-making (Jiang et al. ; Zou et al. ; Lai et al. ) . In general, the risk of karst waterlogging is defined as the product of hazard and vulnerability. As a natural disaster, karst waterlogging is similar to flood disasters, and the methods associated with risk assessment of the latter can be used for the former.
To obtain accurate risk levels in risk assessment, the main difficulty is the multi-variable and non-linear relationship between indicators and risk levels. The analytic hierarchy process (AHP), the most widely used multi-criteria analysis method in risk assessment, has been applied to a wide range of scientific fields (Saaty ; Yang et al. ) . Therefore, it is reasonable to use the AHP to analyze karst waterlogging risk and determine indicator weight.
The method used to determine the attribute weights should be divided into subjective and objective weighting methods. Entropy weight was chosen as an objective way to measure the amount of useful information with the data provided while also avoiding human interference when deciding the weight factors (Zou et al. ; Jia et al. ) .
The set pair analysis (SPA) proposed by Zhao & Xuan () is a theoretical method used to deal with uncertainty problems. The SPA was used to distinguish between uncertain and unknown indicator symptoms (Feng et al. ) .
A geographical information system (GIS) is a decision support system involving the integration of spatially referenced data in a problem solving environment (Chenini et al. ; Aurit et al. ) . In GIS, database analytical tools and mathematical relationships among different layers can be combined into a decision support system, yielding a waterlogging risk zoning map (Kourgialas & Karatzas ) .
At present there are not many studies on waterlogging of karst internationally, especially for karst waterlogging risk analysis. However, flood risk analysis has numerous existing classical and developed methods, and there are similar properties between flood risk and karst waterlogging risk.
Combining the characteristics of karst areas we can use the analysis methods of flood risk for the risk assessment of karst waterlogging. In this study, the risk of karst waterlogging was considered as the product of hazard and vulnerability and a risk assessment index system was established. The weights of the disaster factors were combined with subjective and objective weights calculated using the AHP and entropy weights. Next, the SPA was established by employing GIS to generate an integrated zoning map for karst waterlogging to be used in risk management. blocked water channels may cause waterlogging. The data for this indicator were obtained from the Guangxi Water Resources Department.
STUDY AREA AND DATA

Lithology (LT):
This index reflects the degree of karst development. The higher the degree of karst development, the more prone the area is to waterlogging. These data were obtained from the Guangxi Geology Bureau.
6. Groundwater depth (GD, m): Shallow groundwater is not conducive to rainwater infiltration during a storm when it is more likely to gush from the sinkholes. In reality, we find that waterlogging rarely occurs in areas without groundwater. These data were obtained from the Guangxi Geology Bureau.
Groundwater runoff modulus (GRM, L·s
The GRM is the basic parameter used to evaluate the size of underground water in the form of underground runoff.
A greater GRM leads to larger water contents in the area, which increases the probability of the occurrence of waterlogging. The data were obtained from the Guangxi Geology Bureau. 
METHODOLOGY Analytic hierarchy process
The AHP is a multi-criteria decision-making method that provides a systematic approach for assessing and integrating the impacts of various factors (Saaty ). The AHP has been successfully applied to many fields, including engineering, evaluation, and management, because of its simplicity and flexibility (Chenini et al. ) . Therefore, the AHP can be used to handle many risk-related problems, such as risk evaluation, risk management, and in particular hazard The hazard criteria of the karst waterlogging index illustrated the severity of the waterlogging disasters. Seven factors (M3DP, DEM, SL, ST, LT, GD, and GRM) were selected for the karst hazard waterlogging evaluation index. The judgment matrix of hazard (Matrix A) was constructed using index scoring assigned by experts.
Meanwhile, the vulnerability criteria showed the possibility and severity of socio-economic losses caused by waterlogging. PD and LUP were chosen to evaluate the vulnerability of a karst waterlogging disaster area. A judgment matrix of vulnerability (Matrix B) was constructed using these two factors. 
M3DP DEM SL ST LT GD GRM
In order to improve the rationality and logic of the judgment matrix, it could be evaluated through a consistency ratio (CR). The CR must be <0.1 in order to be accepted.
The CR was defined as follows (Saaty ):
where RI is a random index representing the consistency of a randomly generated pairwise comparison matrix (Saaty ) . CI represents the computing consistency index and is given as:
where λ max represents the largest eigenvalue of the judgment matrix, and n represents the size of the judgment matrix.
Considering that the dimensions of the evaluation index are different, non-dimensional standardization of the data is carried out using GIS, with which the layer index data are rasterized and reclassified according to the contribution of the data to the degree of risk.
Entropy weight method
In information theory, entropy is used to measure the amount of disorder in a system. However, it could also be ; where x ij represent the j grid of the i risk indices:
Normalize this matrix to obtain matrix
where r ij is the proportion of the index value of the j-th evaluation item of the i-th evaluation index. Among these indicators, a larger attribute value of x ij relates to higher risk (Wang et al. ), thus:
while a larger attribute value of x ij relates to lower risk:
2. Definition of the entropy: Calculate the index's entropy value, H i , with the following formula:
3. Definition of the weight of entropy: The weight of entropy of each index can be defined as:
where 0 u i 1, P n i¼1 u i ¼ 1.
Set pair analysis
SPA is a theoretical method used to deal with the certainty and uncertainty of systematic analysis (Wang et al. ).
The SPA constructs a set pair of two related sets of uncertain systems in order to analyze the identity, difference, and opposition of the set pair. The connection can be quantitatively characterized as:
where μ is the connection degree. N is the total number of set characteristics, and S, P, and F are the number of identical, contradictory, and discrepant characteristic terms, respectively. The connection degree of the set pair can be determined as identical, contradictory, or discrepant.
S represents the number of identical characteristics; P is the number of contradictory characteristics; F þ N À S À P is the number of characteristics of these two sets that are neither identical nor contradictory (Wang et al.
). i is the uncertain coefficient of the discrepancies
and has an interval of [À1,1]. j is the coefficient of the contraries and j ¼ À1 as marked effect. Generally a ¼ S/N, b ¼ F/N, and c ¼ P/N, with the formula then simplified to:
where a, b, and c are connectivity components referred to as the identity degree, the discrepancy degree, and the contradictory degree. In addition, a þ b þ c ¼ 1. bi could be expanded into a multi-element connection degree (k elements) and μ can be shown as:
where λ r is the index combination weight presented in this paper.
When the values of the indicators are greater the risk is greater, for example, the risk is greater when the value of the M3DP is greater. The connection degree, μ, can be defined as follows:
where s 1 , s 2 , Á Á Á s kÀ1 are the extremes of the standard.
In contrast, when the indicator values are greater the risk is smaller, for example, the risk is lesser when the value of the DEM is higher, μ can be defined as follows:
RESULTS AND DISCUSSION
Combination weight
The AHP is used for determining the subjective weights which are affected by the subjective judgment of the experts. The In this study, the subjective weights, ω i , and objective weights, u i , are combined to obtain the combination weights, λ i , which can be defined as follows:
in which a change in α changes the combination weights.
According to previous risk assessments performed by experts (Liu et al. ) , this coefficient α could be set in the range of 0.6-0.8. After examining the proportional change of the subjective and objective weights and combining with the field investigation, we set α ¼ 0:725 in this paper. Therefore, the combination weight results are shown in Table 1 .
Risk distribution analysis
In order to quantify the dimensionless indicators (ST, LT, LUP), the indicators are encoded based on the degree of danger they pose. This degree of danger is based on previous determinations made by experts ( Table 2 ). As the
degree of danger increases, the indicator is considered more dangerous. Each grid of layers represents a point of evaluation in ArcGIS (Wang et al. ) and each index was divided into five categories, using the method of natural breaks (Table 3 ). In the (11) and (12) were used to calculate the connection degree using the raster calculator in ArcGIS. This resulted in the generation of individual grids for different layers with their own a r , b 1,r , b 2,r , b 3,r , c r . r was the serial number of the layers.
The identify degree a could be calculated as follows:
where λ r was the individual weights of the indicators.
According to the weights obtained above, weighting stacks the 9 evaluation indicators by using the raster calculator of the weighted aggregation method in GIS. Similarly, b 1 , b 2 , b 3 , c could be calculated as follows:
The confidence degree was set to 0.5. If a 1 > 0:5, the risk of this grid was the lowest; if a 1 þ b 1 > 0:5, the risk was the lower; if a 1 þ b 1 þ b 2 > 0:5, the risk was the medium; if Red soil 6 Limestone 6
Calcareous soil 7 
5, the risk was the higher; if Generally, the trend of karst waterlogging risk in DeBao County shows high risk in the center and low risk on both sides. According to the risk-zoning map, areas of the highest and higher risk account for 34.64% (Table 4) of the total risk area, have greater precipitation, and a high degree of karst development with abundant and relatively shallow underground water. Moreover, the PD in these areas is high. In contrast, the lowest risk zones are distributed in weak karstification areas with almost the least amount of rainfall (e.g., RongHua, where the density of population was small). It is suggested that karst waterlogging risk is mainly determined by natural conditions and social factors. In addition, the effect of topography on disaster risk should not be ignored. For example, NaJia and Long Sang do not experience high rainfall, but contain steep slopes and low elevation that is conducive to the convergence of precipitation in low-lying areas.
Therefore, the risk of waterlogging in these areas should also receive attention. Although the direct external cause of risk is the rain, it could be seen from the risk-zoning map that the groundwater could be an important factor contributing to the risk of karst waterlogging. There is a strong possibility that the disaster occurred because the groundwater flows backwards from the sinkhole. In particular, this is the difference between karst waterlogging and a traditional flood disaster.
DISCUSSION
It is suggested that studying the laws of groundwater variation could be helpful to researching the risk of karst 
